Transfer RNA (tRNA) plays a role in stress response programs involved in various pathological conditions including neurological diseases. Under cell stress conditions, intracellular tRNA is cleaved by a specific ribonuclease, angiogenin, generating tRNA-derived fragments or tRNA-derived stress-induced RNA (tiRNA). Generated tiRNA contributes to the cell stress response and has potential cell protective effects. However, tiRNA generation under stress conditions in neuronal cells has not been fully elucidated. To examine angiogenin-mediated tiRNA generation in neuronal cells, we used the rat neuronal cell line, PC12, in combination with analysis of SYBR staining and immuno-northern blotting using anti-1-methyladenosine antibody, which specifically and sensitively detects tiRNA. Oxidative stress induced by arsenite and hydrogen peroxide caused tRNA cleavage and tiRNA generation in PC12 cells. We also demonstrated that oxygen-glucose deprivation, which is an in vitro model of ischemic-reperfusion injury, induced tRNA cleavage and tiRNA generation. In these stress conditions, the amount of generated tiRNA was associated with the degree of morphological cell damage. Time course analysis indicated that generation of tiRNA was prior to severe cell damage and cell death. Angiogenin over-expression did not influence the amount of tiRNA in normal culture conditions; however, it significantly increased tiRNA generation induced by cell stress conditions. Our findings show that angiogeninmediated tiRNA generation can be induced in neuronal cells by different cell stressors, including ischemia-reperfusion. Additionally, detection of tiRNA could be used as a potential cell damage marker in neuronal cells.
During cell stress conditions, neuronal cells induce a number of stress responses that are essential for cell survival and avoiding cell death. Disruption of appropriate intracellular stress responses are implicated in the pathogenesis of different neurological disorders, including neurodegenerative diseases and cerebral ischemic injury (Rodrigo et al. 2013; Liu et al. 2017) . Accordingly, clarification of the stress response in neuronal cells will lead to improved understanding of the pathophysiology of neurological disorders.
Recent advances have revealed that transfer RNA (tRNA) is involved in cell stress response mechanisms. tRNAs are noncoding RNAs that help ribosomes decode messenger RNA and translate protein (Kirchner and Ignatova 2014) . Besides this principle role, tRNAs are implicated in other biological processes including cell signaling, amino acid metabolism, cell survival, and stress response programs (Phizicky and Hopper 2010; Raina and Ibba 2014) . In addition, tRNA serves as a source of small non-coding RNA with distinct functions. tRNA undergoes endonucleolytic cleavage by specific cellular ribonucleases, resulting in functional small non-coding RNAs known as tRNA-derived fragments and tRNA-derived stressinduced RNA (tiRNA) (Cole et al. 2009; Lee et al. 2009; Yamasaki et al. 2009; Haussecker et al. 2010; Wang et al. 2013) . tiRNA are produced by specific cleavage of the anticodon loop by a ribonuclease, angiogenin (ANG), to produce 30-35 nucleotide (nt) 5 0 -tiRNA and 40-50 nt 3 0 -tiRNA (Yamasaki et al. 2009 ).
ANG-mediated tiRNA production contributes to the cell stress response and has potential roles in the pathobiology of neurological diseases . In tiRNAs, 5 0 -tiRNAs derived from tRNA-Ala and tRNA-Cys activate a cytoprotective stress response program by translational repression and stimulating the formation of stress granules (Yamasaki et al. 2009; Emara et al. 2010; Ivanov et al. 2011 Ivanov et al. , 2014 . Furthermore, tiRNA interacts with cytochrome c released from damaged mitochondria, and prevents the intrinsic apoptotic pathway and subsequently protects from cell death during stress conditions (Saikia et al. 2014) . Although small quantities of these tRNA fragments are found in human cells under normal growth conditions (Kawaji et al. 2008) , most tiRNAs are produced by stressinduced cleavage of mature cytoplasmic tRNA under stress conditions, such as oxidative stress, heat shock, or UV irradiation (Fu et al. 2009; Yamasaki et al. 2009; Saikia et al. 2012) . The ANG-mediated tiRNA production is precisely regulated. Patterns of tiRNA production are stress-specific (Saikia et al. 2012) . Moreover, we previously reported that conformational changes of tRNA in response to oxidative stress is a trigger for ANG-mediated tRNA cleavage (Mishima et al. 2014) .
Loss-of-function mutations in the human ANG gene were identified in patients with amyotrophic lateral sclerosis (Greenway et al. 2006; Wu et al. 2007) , suggesting the importance of ANG-mediated tiRNA production for maintenance of motor neurons. Indeed, the protective effect of ANG on motor neuron survival has previously been reported (Kieran et al. 2008; Ivanov et al. 2014) . The pathological ANG mutation was also reported in patient with other neurodegenerative disorders such as Parkinson's disease (Van Es et al. 2011) . Thus, tRNA metabolism (including ANG-mediated tiRNAs) would be important for the various stress response in other neuronal-type cells. However, tiRNA generation under stress conditions in neuronal cells has not been fully elucidated.
In this study, we examined stress-induced tRNA cleavage and tiRNA generation using PC12 cells, which were originally cloned from rat paraganglioma and are a popular cell line for in vitro models of neuronal-type cells (Greene and Tischler 1976; Jeon et al. 2012; Zuo et al.2017) . Consequently, we show that tiRNA is generated by various cell stressors, including in vitro ischemia-reperfusion, in neuronal-type cells. In addition, tiRNA production is dependent on the degree of cell damage, and may serve as a cell damage marker in neuronal cells.
Methods
Materials PC12 cells were obtained from the American Type Culture Collection (Cat # CRL1721; http://www.atcc.org, Research Resource Identifier (RRID): CVCL_0481). Sodium meta-arsenite was purchased from Wako Pure Chemicals (Cat # 191-01241; Osaka, Japan). Hydrogen peroxide (H 2 O 2 ) was purchased from Nacalai Tesque (Cat # 18411-25; Kyoto, Japan). FLAG-tagged human angiogenin plasmid was obtained from OriGene (Cat # RC208874; Rockville, MD, USA). Anti-FLAG-M2 antibody (RRID: AB_259529) and anti-b-actin antibody (RRID: AB_476743) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-1-methyladenosine (m 1 A) antibody (clone AMA-2, Cat # D345-3) was purchased from MBL (Nagoya, Japan). Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (RRID: AB_1185566) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). 3 0 tailing digoxigenin (DIG)-labeled DNA probes were synthesized and purified by high-performance liquid chromatography (Nihon Gene Research Laboratories, Sendai, Japan).
Cell culture PC12 cells were cultured in RPMI1640 medium supplemented with 10% fetal bovine serum (FBS), 5% horse serum (HS), 100 IU/mL penicillin, and 100 lg/mL streptomycin. Cultures were maintained at 37°C in 95% air/5% CO 2 in a humidified incubator. The PC12 cell line is not listed in the database of commonly misidentified cell lines (International Cell Line Authentication Committee), and not authenticated by the authors. No institutional approval was required for this study. The study was not pre-registered.
the indicated doses of sodium meta-arsenite or H 2 O 2 . For oxygen and glucose deprivation (OGD), cells were seeded onto 6 cm 2 poly-L-lysine coated dishes at a density of 2-2.5 9 10 6 cells/dish, and incubated in high glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and 5% HS for 1 day. The next day, the medium was changed to glucose-free DMEM, and the dishes incubated in 1% O 2 in a hypoxia incubator (CO 2 Incubator 9000E; Wakenyaku, Kyoto, Japan) for indicated time. This was followed by reperfusion by changing the media to high glucose DMEM supplemented with 10% FBS and 5% HS and transferring the dishes to 37°C in 95% air/5% CO 2 in a normal incubator.
RNA isolation and SYPR Gold staining
Total RNA was isolated from cells using the miRNeasy Mini kit (Cat # 217004; Qiagen, Hilden, Germany). For RNA staining, a fluorescent nucleic acid dye SYBR Gold (Cat # S11494; Thermo Fisher) was used. Briefly, RNA samples were denatured by heating at 70°C for 3 min, and then separated by electrophoresis using Novex TBE-Urea Gels 10% (Cat # EC68755; Thermo Fisher). Electrophoresed gels were incubated with 10 000-fold diluted SYBR Gold nucleic acid gel stain in 19 tris-borate-EDTA (TBE) buffer for 30 min at 23°C. Stained gels were visualized by Gel Doc Ez Imager (Bio-Rad, Hercules, CA, USA). 
Immuno-northern blotting
Immuno-northern blotting (INB) of RNA sample was performed as described previously (Mishima et al. 2015) . Briefly, RNA samples denatured by heating at 70°C for 3 min were separated in Novex TBE-Urea Gels 10% at 180 V for 50 min in 0.59 TBE buffer. For blotting, separated RNA was transferred onto Hybond N+ positive charged nylon membranes (Cat # RPN303B; GE Healthcare, Little Chalfont, UK) by semidry electroblotting in 0.59 TBE buffer at 15 V for 50 min. After UV crosslinking, membranes were blocked with 2% Block-Ace (Cat # UKB80; Dainihon Pharmaceutical, Osaka, Japan) in tris-buffered saline containing Tween 20 (TBS-T; 50 mM Tris, 150 mM sodium chloride, and 0.05% Tween 20, pH 7.4) for 1 h at 23°C, and then incubated overnight at 4°C with antim 1 A antibody (1 : 500) in Can Get Signal solution 1 (Cat # NKB-101T; Toyobo, Osaka, Japan). After washing with TBS-T, membranes were incubated for 1 h at 23°C with HRP-conjugated goat anti-mouse IgG (1 : 1000) in Can Get Signal solution 2 (Toyobo). Membranes were visualized by Pierce Western Blotting Substrate Plus (Cat # 32132; Thermo Fisher Scientific) and a LAS-4000 mini luminescent image analyzer (Fuji Film, Tokyo, Japan).
Northern blotting using DIG-labeled oligonucleotide probes Northern blotting using DIG-labeled probes was performed as reported previously (Yamasaki et al. 2009 ). All steps were performed at 23°C, unless otherwise indicated. Heat-denatured RNA samples were separated in Novex TBE-Urea Gels and transferred to positively charged nylon membranes (Cat # 11209299001; Roche, Mannheim, Germany) by semidry electroblotting. After UV crosslinking, each membrane was prehybridized in DIG Easy Hyb solution (Cat # 11603558001; Roche) overnight at 40°C with DIG-labeled DNA probes. After two low stringency washes for 5 min each with 29 saline sodium citrate/ 0.1% sodium dodecyl sulfate and a high stringency wash for 2 min with 19 saline sodium citrate/0.1% sodium dodecyl sulfate, the membrane was blocked in blocking reagent (Cat # 11585762001; Roche) for 30 min. It was then probed with alkaline phosphataselabeled anti-DIG antibody (RRID: AB_514497; Roche) for 30 min, washed for 30 min with washing buffer (1 9 maleic acid buffer + 0.3% Tween 20) (Roche), then equilibrated for 3 min in detection buffer (Roche). Signals were visualized with CDP-Star Ready-to-Use (Cat # 12041677001; Roche) and a LAS-4000 mini luminescent image analyzer. Probe sequences were: tRNA-Gly-G CC 5 0 side, 5 0 -GCAGGCGAGAATTCTACCACTGAACCACCA
Over-expression of human angiogenin FLAG-tagged human angiogenin plasmid was transfected into PC12 cells using Lipofectamine 2000 (Cat # 11668027; Thermo fisher), according to the manufacturer's protocol. In brief, cells were seeded at 1 9 10 6 cells/well in six-well poly-L-lysine coated dishes. Transfection was started when the cells reached approximately 80% confluence. Total RNA and protein were collected at 48 and 72 h after transfection. Transfection of mock plasmid vector was used as a control.
Western blotting
Cell lysate samples were obtained from transfected cells using radioimmunoprecipitation assay buffer. Cell lysate proteins were separated by polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes by semidry transfer. Membranes were blocked for 30 min in TBS-T containing 5% skimmed milk, and incubated at 4°C overnight with anti-FLAG (1 : 1000) and antib-actin (1 : 3000) antibodies. Next, membranes were incubated for 1 h at 23°C with HRP-conjugated secondary antibody (1 : 1000). Signals were visualized using Chemi-lumi One Super (Cat # 02230; Nacalai Tesque).
Cell viability assay
For measurement of cell viability, the WST-8 colorimetric method was used (Cell Count Reagent SF; Cat # 07553-44; Nacalai Tesque).
Statistical analysis
Values were expressed as mean AE SEM. Measured data were analyzed using a one-way analysis of variance (ANOVA), followed by a Dunnett's test for post hoc analysis. The Shapiro-Wilk normality test was used to test the normality of data. No test for outliers was conducted on the data. No blinding and no randomization were performed. A value of p < 0.05 was considered statistically significant. Statistical analyses were performed using SPSS 20 statistical software (IBM, Armonk, NY, USA).
Results
Arsenite stress induces tRNA cleavage and generation of tiRNA in PC12 cells We examined cellular stress-induced tRNA cleavage in PC12 cells. As an acute cellular stress, we first used arsenite, which is a typical oxidative stress inducer. After arsenite exposure for 6 h, damaged cells exhibited morphological changes such as loss of neurites, shrinkage, and cell detachment (Fig. 1a) . Arsenite at a dose of 200 lM induced modest morphological changes, while doses of 400 and 800 lM resulted in severe cell damage, indicative of cell death. In this condition, we examined tRNA alterations using SYBR Gold staining (Fig. 1b) . SYBR Gold analysis showed that arsenite stress induced tRNA fragmentation, which was clearly observed at a dose of 400 lM. Additionally, we analyzed tRNA fragmentation by INB using anti-m 1 A antibody (Mishima et al. 2014 (Mishima et al. , 2015 . Because m 1 A modifications in RNA mainly present in tRNA and the majority of intracellular tRNA has m 1 A modifications (Saikia et al. 2010) , tRNAderived fragments can also contain m 1 A modifications. Thus, INB analysis using m 1 A antibody detects both tRNA and tRNA-derived fragments, including tiRNA with m 1 A modifications (Fig. 1c) (Mishima et al. 2015) . Our INB analysis found tiRNA with band sizes of~40 nt were generated after arsenite stress (Fig. 1d) . Furthermore, tiRNA signal intensity increased incrementally in a dose-dependent manner after exposure to arsenite, and signal was detected even at a dose of 200 lM arsenite (Fig. 1d) , which is a non-lethal cellular dose (Fig. 1a) . Moreover, we evaluated tiRNA production by northern blotting using DIG-labeled oligonucleotide probes complementary with the individual tiRNAs (Fig. 2) . The analysis confirmed that arsenite stress generated production of both sides of the tiRNA (5 0 -tiRNA and 3 0 -tiRNA) ( Fig. 2a) and 5 0 -tiRNAs derived from tRNA-Ala and tRNA-Cys (Fig. 2b) , which have the effect of translational repression (Ivanov et al. 2011) . Altogether, these data indicate that tiRNAs were generated by arsenite oxidative stress in PC12 cells, and their amount correlated with the severity of cellular damage.
tiRNA generation by different oxidative stressors in PC12 cells Next, we examined the effect of different oxidative stressors, namely H 2 O 2 and OGD, on tRNA cleavage. To investigate the effect of H 2 O 2 on PC12 cells, we exposed the cells to increasing H 2 O 2 concentrations. After 6-h exposure, morphological cell damage was observed from concentrations of 100 lM H 2 O 2 (Fig. 3a) . While a concentration of 400 lM caused severe stress that induced cell death (Fig. 3a) , SYBR staining showed tRNA cleavage with the resultant tiRNAs generated in a dose-dependent manner of H 2 O 2 exposure (Fig. 3b) . INB analysis using the anti-m 1 A antibody also demonstrated that H 2 O 2 stress generated tiRNA by stressinduced tRNA cleavage, which was found even by exposure to a low dose of H 2 O 2 (50-100 lM) (Fig. 3b) .
In addition, we examined the effect of OGD, which is an in vitro ischemia-reperfusion model, on tiRNA generation. When cells were exposed to OGD conditions followed by reperfusion, 48 h of OGD stress caused significant morphological cell changes but the degree was less than by arsenite and H 2 O 2 ( Fig. 4a and Figure S1 ). Like arsenite and H 2 O 2 stress conditions, OGD stress induced tiRNAs, which were detected by SYBR staining and INB with anti-m 1 A antibody (Fig. 4b) . These results indicate that varied types of oxidative stress induce tRNA cleavage and tiRNA generation in PC12 cells.
Time course of tRNA cleavage on cell damage
We next examined the time course of stress-induced tRNA cleavage. Exposure to arsenite (400 lM) caused morphological cell damage that was obvious at 4 h and very severe at 6 h (Fig. 5a ). SYBR staining showed that arsenite-induced tiRNA increased in a time-dependent manner, and the amount correlated with morphological cell damage (Fig. 5b) . Generation of tiRNA was detected at 4 h and gradually increased by 6 h (Fig. 5b) . Similarly, exposure to H 2 O 2 (400 lM) caused morphological cell damage, with the amount of generated tiRNA correlating with cellular damage (Fig. 5c ). Although morphological cell damage was obvious at 6 h, generation of tiRNA was detected from 2 h (Fig. 5d , long exposure image). These results show that the amount of generated tiRNA correlates with cell damage, and that induction of tiRNA starts prior to cell death under cell stress conditions.
Effect of ANG on tiRNA generation in PC12 cells
We next examined the effect of ANG on tiRNA generation using human angiogenin (hAng) over-expression in PC12 cells. hAng was transiently over-expressed and its expression confirmed by western blotting (Fig. 6a) . Using hAng-expressing cells, we compared tRNA and tiRNA in normal culture and cell stress conditions by SYBR staining and INB analysis. In normal culture conditions without cell stress agents, tRNA cleavage and tiRNA were not detected in hAng-expressing cells or control mock-transfected cells (Fig. 6b) . Even under cell stress conditions (100 or 200 lM arsenite), mock-transfected cells showed no tiRNA (Fig. 7a) . However, under stress conditions induced by arsenite (200 lM), tRNA cleavage and tiRNA were induced in hAng-expressing cells at larger amounts than in mocktransfected cells (Fig. 7a) . Similarly, in stress condition induced by H 2 O 2 , SYBR staining showed larger amounts of tRNA cleavage in hAng-expressing cells than mocktransfected cells (Fig. 7b) . Increased tiRNA generation was also confirmed by INB analysis (Fig. 7b) . To exclude the possibility that increased tiRNA was because of more severe cell damage in hAng-expressing cells than mock-control cells, we measured cell viability. In cell stress conditions both by arsenite and H 2 O 2 , cell viability was not significantly different between hAng-expressing cells and mock-transfected cells (Fig. 7c) , suggesting that the greater increase in tiRNA is not because of increased cell damage generation in hAng-expressing cells compared with control cells. We also investigated the effect of hAng on tiRNA generation under OGD stress. For this experiment, we used 4.5 h OGD conditions because the lipofection agent used for overexpression was cytotoxic under OGD conditions, resulting in severe cell damage and detachment after OGD exposure for only 12 h ( Figure S2 ). Although 4.5 h OGD without reperfusion did not induce detectable tiRNA production, 4.5 h OGD following 30 min reperfusion induced tRNA cleavage and higher levels of tiRNA in hAng-expressing cells than in mock-transfected cells (Fig. 8) . This effect was similar to effects of arsenite and H 2 O 2 stress. These results further indicated that ANG plays a key role in stress-induced tRNA cleavage and tiRNA generation in PC12 cells.
Discussion
In this study, our results showed that ANG-mediated tRNA cleavage and tiRNA generation were induced by various oxidative stressors (including an in vitro ischemia-reperfusion model) in neuronal-type cells. Additionally, because increased tiRNA production was dependent on the degree of cell damage, tiRNA detection could be used as a potential cell damage marker in neuronal-type cells. In addition to arsenite and H 2 O 2 , which have already been reported as inducers of tiRNA (Yamasaki et al. 2009; Ivanov et al. 2011; Mishima et al. 2014) , we showed that OGD stress generated tiRNA in neuronal-type cells. OGD is used as an in vitro model of ischemia-reperfusion injury of neuronal cells (Mo et al. 2012; Chiu et al. 2014) . Because tiRNA was generated by the stress of ischemia-reperfusion, tRNA cleavage and tiRNA generation may also be physiologically involved in cell protection mechanisms following cerebral damage by ischemic-reperfusion injury, such as in stroke. Likewise, the dysfunction of ANG-mediated tiRNA generation has been reported to be involved in chronic neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) and Parkinson's disease ). Although we examined the effects of acute stresses on tiRNA generation in our study, repeated acute cell stress, which can causes oxidative stress and cell death, has been implicated in the complex pathogenesis of the chronic neuronal diseases (Tanner et al. 2014) . Thus, our findings may highlight the clinical significance of tRNA cleavage in both acute and chronic neuronal damage. The clinical importance of tRNA cleavage should be investigated in future studies.
Early detection of cell damage caused by oxidative stress is important for early diagnosis and monitoring of diseases.
Oxidative stress results in cell damage and is associated with many pathological states including neurodegenerative diseases and cerebral ischemic injury (Rodrigo et al. 2013; Liu et al. 2017) . Our data showed that the amount of tiRNA correlates with the degree of cell damage induced by various oxidative stressors, and that stress-induced tiRNA generation starts prior to evident cell damage or cell death. Thus, detection of tiRNA may serve as a promising oxidative stress marker in neuronal-type cells.
Our findings showed that hAng over-expression only increases tiRNA production under the stressed state and not in normal conditions. Although ANG is constitutively expressed, it is kept inactive by binding with its inhibitor, ribonuclease/angiogenin inhibitor 1 (Pizzo et al. 2013) . Thus, cytoplasmic tRNA is not cleaved by ANG under normal conditions without cell stress. In contrast, cell stress (such as oxidative stress) dissociates ribonuclease/angiogenin inhibitor 1 from ANG, resulting in activation of the tRNA cleaving effect of ANG and subsequent tiRNA generation (Yamasaki et al. 2009; Anderson and Ivanov 2014) . In addition, conformational change of tRNA in response to oxidative stress is a trigger of ANG-mediated tRNA cleavage (Mishima et al. 2014) . Therefore, our finding that hAng over-expression increases tiRNA in only stress conditions is consistent with previous studies.
Several studies show that ANG ameliorates cell damage induced by cell stress (Fu et al. 2009; Aparicio-Erriu and Prehn 2012; Li et al. 2017) . In the present study, hAng overexpression in PC12 cells did not show a significant protective effect in stress conditions induced by arsenite and H 2 O 2 ( Fig. 7c and d) , although hAng increased tiRNA ( Fig. 7a and  b) , which is reported to exert cell protective effects. A possible explanation may be as a result of the degree of cell stress that we used. Exposure to H 2 O 2 and arsenite caused evident cell death within only 6 h. Thus, these conditions might be too severe to evaluate the protective effects of Fig. 8 Over-expression of angiogenin increases tiRNA in oxygen and glucose deprivation (OGD) stress. Human angiogenin (hAng)-overexpressing PC12 cells and mock-transfected cells were treated with OGD for 4.5 h. Total RNAs were collected from the cells immediately after OGD or after OGD followed by 30 min reperfusion (OGD + rep). Total RNA (0.5 lg) was analyzed by SYBR staining. Experiments were repeated three times with similar results. generated tiRNA. However, comparable cell viability between hAng-expressing cells and mock-control cells ( Fig. 7c and d ) allowed us to determine the effect of ANG on tiRNA generation, because the degree of cell damage was associated with the amount of generated tiRNA in stress conditions as we showed (Figs 1 and 3) .
In conclusion, we show that ANG-mediated tRNA cleavage and tiRNA generation is induced by various oxidative stressors, including in vitro ischemia-reperfusion, in neuronal PC12 cells. Detection of tiRNA induced by cell stress could be a potential cell damage marker of neuronal-type cells.
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